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Abstract
The cosmological constant problem can be understood as the failure of the
decoupling principle behind effective field theory, so that some quantities in
the low-energy theory are extremely sensitive to the high-energy properties.
While this reflects the genuine character of the cosmological constant, find-
ing an adequate effective field theory framework which avoids this natural-
ness problem may represent a step forward to understand nature. Following
this intuition, we consider a minimal modification of the structure of general
relativity which as an effective theory permits to work consistently at low
energies, i.e., below the quantum gravity scale. This effective description
preserves the classical phenomenology of general relativity and the particle
spectrum of the standard model, at the price of changing our conceptual
and mathematical picture of spacetime.
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Oh no, yet another discussion about the cosmological constant problem! Yeap,
that it is. When one listens so many times that this is one of the most severe and
fundamental problems faced by modern theoretical physics, it is difficult to resist
the temptation of having a look by yourself to see what is going on ... and many
of us do! One is eager to have his own reading of at least the main arguments
involved.
Within the framework of effective field theory the cosmological constant term
corresponds to a relevant operator that is, however, not natural [1, 2]. Therefore
the value of the cosmological constant is highly sensitive to the ultraviolet details
beyond the effective theory, and it has to be fine-tuned in order to match the
experiments. On the one hand, this observation is compelling: the value of the
cosmological constant is an issue to be treated in a theory which consistently unifies
the ultraviolet and infrared details of our universe, that is, a theory of quantum
gravity. On the other hand, it challenges the basic working principle according
to which the behavior of physics at a given distance scale is insensitive to the
fine details of the dynamics at much shorter distances. In our opinion, it would be
desirable that an effective theory rationale exists that permits to work consistently
at low energies, leaving the question about the value of the cosmological constant
unanswered until we are able to construct a more complete theory. From the
perspective of low-energy physics, in such a framework the cosmological constant
will be as mysterious as (but not more than) any other parameter in physics such
as the gravitational constant or the electron charge.
The naturalness problem we have delineated is of ultraviolet nature. Indeed,
it is enough to consider an effective description of the physics of the solar system
to demonstrate its existence [3, 4]: solar system experiments constrain the pos-
sible cosmological constant as |Λ| ≤ 10−32 GeV4. This value is far smaller than
any result coming from straightforward theoretical calculations, which is roughly
|Λ
vac
| = 108 GeV4. This should not be mixed, as it happens sometimes in the
literature, with the problem of explaining the observed value of the cosmological
constant (and related issues as, e.g., the cosmic coincidence problem). To explain
this value one would have to consider a much wider range of scales, from very short
lengths outside the domain of applicability of the effective field theory up to the
Hubble length. Let us stress that the need of taking into account so large length
scales does not make the problem bona fide infrared.
Our guiding principle is to consider the minimal deviations from known physics
which permit to save the effective field theory rationale, so we require the following
tight constraints. First, given the quantum nature of the problem, modifications of
the classical physics lack of any compelling motivation and the content of classical
general relativity will be largely respected. Second, the problem has its roots in the
coupling to the gravitational field, so that the particle spectrum of the standard
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model will be preserved. In our framework there are no extra degrees or freedom
or dimensions, but rather a different view of spacetime. In this sense it can be
understood as a minimal approach to the problem, making it genuinely different
from other approaches.
The problematic cosmological constant term in general relativity is of the form√
|g|Λ. Naively one can envision that, if only there existed a background vol-
ume form ω (with corresponding density |ω|), one could replace the cosmological
constant term by
√
|ω|Λ. This term, corresponding to a constant shift in the
Lagrangian density, would then be irrelevant to the classical dynamics. However,
following the effective field theory logic, this condition alone would not be enough:
a symmetry that forbids the occurrence of
√
|g|Λ in the Lagrangian density must
be present in order to guarantee that this term is not generated by radiative correc-
tions. A natural candidate for the job is the invariance under scale transformations
of the gravitational field,
gab → ζ
2gab, ζ ∈ R. (1)
A consistent and well-motivated gravitational theory incorporating this symmetry
requirement is known as Weyl transverse gravity [5, 6]. Notice that the invariance
under longitudinal diffeomorphisms of general relativity would be broken to guar-
antee the invariance under (1) while keeping us in a second-order field theory. In
order to maintain the number of degrees of freedom in the gravitational sector, the
symmetry (1) is then extended to a gauge symmetry. That is, in Weyl transverse
gravity the gravitational symmetries are given by transverse diffeomorphisms and
Weyl transformations. This theory indeed corresponds to the only alternative way
of defining a nonlinear theory of the two local degrees of freedom associated with
gravitational waves [7, 8].
The nature of the spacetime associated with these symmetries can be condensed
in the notion of a differentiable manifold equipped with a conformal structure (see,
e.g., [9]) and a non-dynamical volume form. From a more physical perspective,
we could say that in Weyl transverse gravity spacetime is an incompressible con-
tinuum. The inclusion of matter in the picture has to preserve the gravitational
symmetries by, e.g., ensuring that matter is inert under Weyl transformations.
This permits to accommodate a general matter content and, in particular, the
standard model of particle physics, thus satisfying one of our requirements.
Despite this departure from the principles behind general relativity, this gravi-
tational theory turns out to be equivalent to the former at the classical level, in the
following sense: there exists a common gauge choice in which the field equations in
the presence of a general classical matter take the same form [6, 10, 11]. The cos-
mological constant appears as an integration constant, unrelated to any coupling
in the gravitational action. This equivalence fulfills the condition of preservation
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of the phenomenology of general relativity, by retaining the space of solutions of
the classical field equations. The importance of this apparently simple observation
should not be underestimated: all in all, the classic tests of general relativity can-
not be used to argue that spacetime possesses a metric volume element d4x
√
|g|.
Classical equivalence in this sense does not imply the equivalence of the corre-
sponding quantum theories, as it is well known. Quantization is a subtle procedure;
even for systems with a finite number of degrees of freedom one easily finds un-
expected results [12]. Even more surprising, quantization and gauge fixing do not
generally commute [13]. These results show how counterintuitive the procedure of
quantization may result.
The analysis of the semiclassical model in which matter fields are quantized
but the gravitational field is treated classically turns out to be enough to display
explicitly the differences. By construction, in Weyl transverse gravity the cosmo-
logical constant problem is avoided: the symmetry (1) protects the cosmological
constant sector against radiative corrections, provided that it can be implemented
in the presence of quantum effects. This symmetry is known to be anomalous
when general conditions are met, and one of these general conditions is invariance
under the full group of diffeomorphisms. An anomaly is an inconsistency between
different symmetries; in the case at hand, it is a consequence of the interplay
between longitudinal diffeomorphisms and Weyl transformations. When the longi-
tudinal diffeomorphisms are left out of the game, as it is precisely the case in Weyl
transverse gravity, classic results on scale-invariance anomalies are circumvented,
guaranteeing that gravitational scale invariance survives quantum corrections [14].
Our discussion motivates the question about the reality of gauge symmetries.
Gauge symmetries are not directly measurable, as only gauge-invariant quantities
are. Thus we can only indirectly infer their existence by analyzing the corre-
sponding implications. While Weyl transverse gravity is equivalent, in a sort of
degeneracy, to general relativity at the classical level, quantum effects do discrim-
inate between these theories. In particular, in Weyl transverse gravity the low-
energy effective theory is self-consistent, with no low-energy parameters requiring
fine-tuning. Any value of the cosmological constant inserted in the classical field
equations will be automatically stable under radiative corrections.
At the end of the day, we see that it is possible to maintain the effective field
theory rationale. That a different but simple vision of spacetime is enough to guar-
antee this is conceptually compelling. We can say that, from an honest low-energy
perspective and combining known theories and experiments, there is a strong case
in favor of the alternative gauge structure of the gravitational interaction against
diffeomorphism invariance; that is, in favor of a picture of spacetime as a con-
tinuum with zero compressibility, or equipped with a conformal structure and a
non-dynamical volume form in mathematical terms. Regarding the cosmological
Uncovering ... 2015/03/31 5
constant, only a more fundamental theory or principle could unveil its nature and
set its actual value, which by matching should be the one used at low energies (in
particular, this principle may be related to the true vacuum of the high-energy
theory; see, e.g., Volovik’s proposal [15]). It is the task of future research to ex-
amine the potential role of these low-energy properties in the way towards a more
fundamental description of the gravitational interaction.
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